SUMMARY A study of 10 patients with brachial plexus trauma was performed to determine whether the diagnostic accuracy of sensory evoked potentials (SEPs) may be improved by using stimulation of multiple peripheral nerves (median, radial, musculocutaneous and ulnar peripheral nerves: median (C6-T1), radial (C6), musculocutaneous (C5), and ulnar (C8-Tl). In addition, the relative advantages of SEPs and peripheral electrophysiological studies were considered.
SUMMARY A study of 10 patients with brachial plexus trauma was performed to determine whether the diagnostic accuracy of sensory evoked potentials (SEPs) may be improved by using stimulation of multiple peripheral nerves (median, radial, musculocutaneous and ulnar). In addition, the relative advantages of SEPs and peripheral electrophysiological studies were considered. SEP patterns following most common brachial plexus lesions were predictable. Injuries to the upper trunk affected the musculocutaneous and radial SEPs predominantly. Lower trunk or medial cord lesions primarily affected ulnar SEPs. Diffuse brachial plexus lesions affected SEPs from all stimulation sites. In the majority of cases, the necessary information was obtainable from conventional EMG: however, for lesions involving the upper segments only, SEP techniques were more useful. It is suggested that selective SEPs from appropriate peripheral nerves when interpreted in combination with conventional EMG may add useful additional information.
The accurate localisation of brachial plexus and cervical root injuries is important in the prognostic assessment of these patients and of the potential success of reconstructive surgery. Distinction between an avulsed root and a more distal lesion is important since useful surgical intervention can only be accomplished when the lesion is distal to the dorsal root ganglion. Conventional electromyography with sensory nerve action potentials may assist in this distinction.' 2 More recently a number of workers3-7 have applied somatosensory evoked potentials (SEPs) for this purpose. All these reports described single nerve stimulation (usually median) and no adequate comparisons were made with conventional electromyographic techniques. Our study was undertaken to try to improve the diagnostic accuracy of SEPs by using stimulation of multiple peripheral nerves: median (C6-T1), radial (C6), musculocutaneous (C5), and ulnar (C8-Tl). In addition, the relative advantages of SEPs and peripheral electrophysiological studies were considered.
Methods
The median, ulnar and superficial radial nerves were stimulated at the wrist on both sides and in two patients the musculocutaneous nerve was stimulated in the forearm.
Stimuli were delivered at 2Hz by a TECA constant voltage isolated nerve stimulator with a pulse duration of 0-1 ms. The stimulus intensity was adjusted to produce a small twitch in the thenar or hypothenar muscles (median and ulnar) or to be three times sensory threshold in the case of superficial radial and musculocutaneous nerves.
Gold disc 9 mm recording electrodes were attached to the skin using Grass electrode paste and tape. Electrodes were placed over Erb's point, the spinous process of the second and seventh cervical vertebrae, and the contralateral somatosensory cortex. These were referred to a common mid-frontal site (Fz). Signals were amplified and averaged by a DISA (model 1500) system with the high and low pass filters set at 2 Hz and 2 kHz for the scalp responses and 20 Hz and 2 kHz for the cervical and Erb's point responses. Potentials were averaged during 500 or 1000 stimuli on three or more channels simultaneously. The subjects were studied while lying in a semi-prone position with special attention being paid to patient relaxation by frequent observation of analog signals on an oscilloscope.
The SEPs studied were the three most prominent negative potentials, labelled EP (maximal over the supraclavicular fossa), P/N13 (positivity maximal over the scalp and negativity maximal over the cervical vertebrae) and N19 (maximal over the contralateral somatosensory cortex). Interpeak latencies (IPL) were measured between EP and P/N13 and P/N13 and N19 potentials. Response latencies, determined by an adjustable cursor, were measured from stimulus artefact to the peak negativity of the responses. Amplitudes were measured to the latter from the preceding positivity for EP and from baseline for P/N13 and N19.
Peripheral electrophysiological studies were performed on all patients using a TECA-4 unit and concentric EMG needles. Conventional motor and sensory nerve conduction studies (skin temperature > 32°C) were recorded from the median, ulnar and radial nerves. In addition, late responses were obtained from abductor pollicus brevis (C8-TI), abductor digiti minimi (C8-TI) and extensor indicis proprius (C7-8) muscles. Needle EMG including paraspinal muscles was performed in the conventional manner.
Patients
Ten patients (3 F; 7 M) between 17 and 49 years of age were studied. Patients were divided into four groups according to the clinically assessed location of the lesion: Group I-anaesthesia and paralysis of the arm in the distribution of the C5-TI segments (1 patient); Group 2 major involvement of C5-6 segments with minimal involvement of C7-TI (4 cases); Group 3-involvement entirely confined to the C5-6 segments (2 patients); Group 4-involvement of C8-Tl segments (3 patients). Results from these limbs were compared to those from a group of 20 control subjects and from the unaffected limb. Clinical examination revealed no power in C5-6 muscles, mild reduction in power in the muscles innervated by C7-TI roots and an area of complete anaesthesia over C5-6. Evoked potentials following musculocutaneous and radial nerve stimulation were absent at all levels, including the Erb's point response, suggesting no functional continuity in these segments. With median and ulnar nerve stimulation, the EP and P/N13 potentials were of low amplitude with an increase in EP-P/N13 IPL. The results on conventional EMG corroborated these findings. Motor conduction velocities in the median, ulnar and radial nerves were normal with some increase in the minimal F-wave latencies. The radial SNAP was absent, the median SNAP (digit II) was reduced in amplitude whereas the ulnar SNAP (digit V) was normal. Active denervation was present in all C5-Tn muscles including C5-8 paraspinals; no voluntary units were obtained from C5-6 muscles and a reduced pattern was seen in C7-T1 muscles. The SEP findings suggest a complete lesion of the C5-6 segments of the brachial plexus (upper trunk) and partial lesion of the C7-T1 segments (middle and lower trunks). Loss of the potential at Erb's point suggests the major pathology was distal to the dorsal root ganglion and the presence of paraspinal denervation suggests additional root involvement.
Results
In the two patients in group 3, ulnar nerve studies were normal and two types of abnormalities were In the last group, major abnormalities were found with ulnar nerve stimulation, minor changes with median nerve stimulation and normal radial studies. Figure 6 illustrates SEPs from a 22-year-old male involved in an industrial accident, with weakness of the small muscles of his right hand and numbness in a C8-Tl distribution. SEPs muscles of the hand and no CMAP were evokable from the median and ulnar nerves; F-waves to these muscles were absent as well. The SNAPs from median, ulnar and radial nerves were all normal and therefore suggestive of C8-TI root pathology. The SEP findings were surprising in that they were normal at all levels except for some minor asymmetry in the amplitude of the response at Erb's point. The significance of this will be discussed later.
Discussion
The brachial plexus and its associated spinal roots (C5-TI) are particularly prone to traction injury. (C6-7-cutaneous, C8-Tl-muscle afferents) which enter via the lateral (cutaneous afferents) and medial cords (muscle afferents) to reach the upper, middle and lower trunks and then enter the C6-Tl segments of the spinal cord. SEP patterns following most common brachial plexus lesions are thus predictable. Injuries to the upper trunk will affect the musculocutaneous and radial SEPs predominantly with some reduction in the amplitude of the median evoked potentials (fig 5) , but with normal ulnar SEPs. Lower trunk or medial cord lesions will primarily affect ulnar SEPs with some change in the median SEPs but radial and musculocutaneous SEPs will be unaffected (fig 6) . Posterior cord lesions will affect only radial SEPs. With diffuse brachial plexus lesions (the most common) SEPs from all stimulation sites will be affected (figs 2, 3) .
Differentiation between pre-and post-ganglionic lesions was possible by recording potentials proximal (P/N1 3, a potential thought to arise in the dorsal horn or cuneate nucleus and N19, thought to arise from thalamus or thalamocortical projections) and distal (EP potential, thought to be generated by the brachial plexus) to the dorsal root ganglion. Lesions distal to the dorsal root ganglion resulted in attenuation or loss of the EP potential whereas with proximal lesions, this potential was preserved. Degeneration of motor axons because of a more proximal lesion would have only a minor effect on the amplitude of the brachial plexus potential with submaximal stimulus intensities. This conclusion is supported by the last patient who had very few remaining motor fibres to the small muscles of the hand and no evokable CMAP or F-waves to these muscles but who had only a minor reduction in amplitude of the EP potential from median and ulnar nerve stimulation. P/N13 and N19 potentials were reduced in amplitude or absent with lesions on either side of the dorsal root ganglion. In addition, when they were present there was often an increase in the EP-P/N13 IPL. Comparison of EP to P/N13 amplitudes to determine the presence of pathology affecting the roots and the brachial plexus was considered to be unreliable6 and a severe lesion at the post-ganglionic level precluded the diagnosis of additional root avulsion.
With severe axonal loss, the brachial plexus and cervical potentials may be sufficiently dispersed and of such low amplitude that they are not recordable. In this situation the simultaneous recording of scalp potentials allowed the differentiation of a severe but incomplete lesion from a functionally complete transection (figs 5, 6). The cortical evoked potential may still be elicited in the absence of these potentials due to amplification of the ascending volley within the central nervous system'5 and its presence indicates some degree of axonal continuity. This suggests a favourable prognosis without the need for surgical intervention.
Our peripheral electrophysiological results were typical of those found on previous studies' 21617 The investigation of traumatic lesions of the brachial plexus 
Abbreviations:-R-radial, Me-median, U-ulnar EIP-extensor indices proprius; APB-abductor pollicus brevis; ADM-abductor digiti minimi. N-normal. L-low amplitude; S-slow conduction velocity; A-absent; P-prolonged. 
